Indinavir is currently used at a fixed dose of 800 mg either three times a day or twice a day in combination with 100 mg of ritonavir. Dosage individualization based on plasma concentration monitoring might, however, be indicated. This study aimed to assess the pharmacokinetic profile of indinavir in patients infected with human immunodeficiency virus to characterize interpatient and intrapatient variability and to build up a Bayesian approach for dosage adaptation. A population analysis was performed with the NONMEM computer program with 569 plasma samples from a cohort of 239 unselected patients receiving indinavir. A onecompartment model with first-order absorption was adapted, and the influences of clinical characteristics on oral clearance (CL) and distribution volume (V) were examined. Predicted average drug exposure and trough and peak concentrations were derived for each patient and correlated with efficacy and toxicity markers. The population estimates of CL were 32.4 liters/h for female and 42.0 liters/h for male patients; oral V was 65.7 liters; and the rate constant of absorption (K a ) was 1.0 h ؊1 . CL decreased by 63% with ritonavir intake and was moderately correlated to body weight. Both interpatient variability, best assigned to oral CL (coefficient of variation [CV], 39%) and K a (CV, 67%), and intrapatient variability were large (CV, 41%; standard deviation, 670 g/liter). In conclusion, initial indinavir dosage should be decided according to ritonavir intake and sex, prior to plasma concentration measurements. The high interpatient pharmacokinetic variability represents an argument for therapeutic drug monitoring.
Indinavir is a protease inhibitor (PI) used in association with reverse transcriptase inhibitors in the treatment of human immunodeficiency virus type 1 (HIV-1) infection. The currently recommended adult dosage is either 800 mg t.i.d or 800 mg b.i.d in combination with low-dose ritonavir. Indinavir has unfavorable pharmacokinetic behavior, with high peak concentrations that create a risk of adverse reactions, such as nephrolithiasis (14) , and minimum concentrations that are only slightly above the 95% inhibitory concentration of the virus under the t.i.d regimen, due to extensive cytochrome P450-mediated metabolism (http://www.eudra.org/humandocs/humans /epar/crixivan/crixivan.htm). Large interpatient and intrapatient variability in indinavir disposition, as reported in other population analyses (27, 29) , and poor adherence to recommendations regarding food intake or drug interactions may further weaken the antiviral coverage in spite of a strict compliance with the every-8-h regimen. Insufficient concentrations in plasma are clearly associated with a rebound in viral load and an increased risk of emergence of viral resistances. Combining ritonavir as a kinetic booster in indinavir-containing regimens has been successful, allowing the daily doses of such regimens to be reduced while at the same time improving their antiviral efficacy (7, 10, 18, 28) . New strategies based on target concentration dosage adaptation have gained increasing importance for the management of HIV-infected patients, in view of the relationship between plasma drug levels, therapeutic outcomes, and toxicity (2, 3, 8, 16, 17, 19) . The evaluation of the benefits and indications of therapeutic drug monitoring still lacks prospective clinical trials, and the optimal concentration range for indinavir remains controversial (2, 25) . The objectives of this study were to determine the population pharmacokinetic parameters of indinavir and its variability in patients receiving indinavir alone or in combination with ritonavir and to detect factors which might explain indinavir's pharmacokinetic variability. The population analysis was then used to build up a Bayesian strategy for dosage regimen individualization based on therapeutic drug monitoring.
MATERIALS AND METHODS
Study population. Plasma population pharmacokinetics of indinavir were analyzed with sparse samples collected over a 40-month period. A total of 569 plasma indinavir levels from 239 patient samples, collected from 490 visits (median number of visits ϭ 2; range, 1 to 8), were obtained. Most blood samples were drawn periodically at 1-to 3-month intervals on follow-up visits along with virological and hematological tests. Additional measurements were taken from seven patient samples to obtain a full concentration-time profile, with up to 10 blood samples drawn between 0.3 and 8 h after drug intake. Of the 569 samples, 94 (17%) were collected up to 2 h after dosing, 275 (48%) were obtained between 2 and 8 h after dosing, and the remaining 200 (35%) were taken Ͼ8 h after drug intake. All samples were obtained under steady-state conditions (i.e., the dosage was unchanged for at least 1 month). The patients received 800 mg of indinavir orally either three times a day (t.i.d.) (62 patients) or twice daily (b.i.d.) in combination with 100 mg of ritonavir and other antiretroviral agents (177 patients). For 21 patients, a reduction in dosage to 400 or 600 mg b.i.d had been already applied, due to the occurrence of side effects under the standard dosage regimen. In addition to dosing and sampling time information, the following data were recorded for each patient: sex, body weight, height, age, race, duration of antiretroviral treatment, duration of PI-containing regimens, duration of the present regimen, and concomitant medications which might influence drug therapy (Table 1) . The study population included 169 male and 70 female patients, their median age was 40.1 years (range, 16.3 to 73.4 years), their median body weight was 66.8 kg (range, 41 to 116 kg), and their median height was 172 cm (range, 150 to 194 cm). Information on ethnic origin was available for 133 patients: 122 patients were Caucasian, 6 patients were black, 1 patient was Asian, and 4 patients were Hispanic.
A systematic evaluation of toxic side effects (urinary, dermatological, and gastrointestinal) was performed, together with the determination of CD4 lymphocyte count and viral load. This study was approved by the local Ethics Committee. An informed written consent was obtained from participants until indinavir determinations were included in the routine follow-up of patients.
Analytical method. Blood samples (5 ml each) were collected into lithium heparin or potassium-EDTA Monovette syringes (Sarstedt, Nümbrecht, Germany). Plasma was isolated by centrifugation, inactivated for HIV infectivity in a water bath at 60°C for 60 min, and stored at Ϫ20°C until analysis. Plasma indinavir levels were determined by reverse-phase high-performance liquid chromatography according to a validated method, enabling the simultaneous quantification of HIV PIs (23). The limit of quantification of the assay was 250 g/liter with a coefficient of variation (CV) of Ͻ20% over the whole dynamic range, shown to be linear up to 10,000 g/liter. Despite less-accurate quantification, detectable concentrations below 250 g/liter were included in the pharmacokinetic analysis, since they provided informative value for the description of indinavir kinetics; concentrations significantly higher than 10,000 g/liter were reassessed after sample dilution.
Model-based pharmacokinetic analysis. The analysis was performed with the NONMEM computer program (version V running with NM-TRAN version II) (NONMEM Users Guides, University of California, San Francisco). The analysis used mixed-effects regression (fixed and random) to estimate population means and variances of the pharmacokinetic parameters and to identify factors that influence them. A stepwise procedure was used to find the model that fitted the data best. First, one-and two-compartment models with first-order absorption from the gastrointestinal tract were fitted to the data from the seven patients whose data underwent intensive kinetic investigation. The analysis of the entire population was then conducted on the basis of these initial estimates. Since indinavir was only administered orally, the clearance (CL) and distribution volume (V) represent apparent values (CL/F and V/F, where F is oral bioavailability). Other pharmacokinetic parameters were derived from the final model, namely, elimination and absorption half-lives (t 1/2 values) and time to maximal plasma drug concentration (C max ), according to classical steady-state formulae for repeated oral dosing. Exponential errors following a log-normal distribution were assumed for the description of interpatient variability of the pharmacokinetic parameters, and a combined exponential and additive model was assigned to the intrapatient (residual) variability. Potential influencing covariates were incorporated sequentially into the structural model. At the end of the analysis, all patient characteristics that showed an influence on the parameters were evaluated again by comparison of the full model (with all factors included) with a model from which each of the factors was deleted sequentially.
Parameter estimation and model selection. The data were fitted by use of the first-order conditional method. The change in the objective function (OF) resulting from the addition of a covariate approximates a 2 distribution and was regarded as statistically significant (P Ͻ 0.05) if it exceeded 3.8 for one, 5.9 for two, and 7.8 for three additional parameters. Moreover, for parameters quantifying covariate influences on indinavir pharmacokinetics as well as for CL, V, and the rate constant of absorption (K a ), 95% confidence intervals (95% ICs) were estimated by means of a likelihood ratio profile (5) . A simulation based on the final pharmacokinetic estimates was performed with NONMEM by using data from 1,000 individuals to calculate the 95% prediction interval. The concentrations encompassing the percentiles 2.5 and 97.5 at each time point were retrieved to construct the 95% prediction interval. The figures were generated with S-PLUS (Statistical Sciences, version 4.0, release 2) and Prism (Graphpad Software, Inc., version 3.00).
Dosage regimen individualization. The results of the population pharmacokinetic analysis were used to build up a Bayesian approach for exploiting drug concentration measurements (26) . When the average population value of the kinetic parameters ( pop ) at a given level of influential covariates, their respective variances ( 2 ), the residual variability ( 2 ), and the observed plasma drug concentrations (C obs ) are considered, the maximum-likelihood a posteriori parameter estimates for an individual patient ( ind ) are those that minimize the function
in which the predicted concentration of the drug in plasma (C pred ) is calculated from individualized parameters ( ind ). Because exponential (constant CV) error models were assumed during the population analysis, the and C values were entered as log values in the above equation. Individual Bayesian estimates of peak (C max ), trough (C min ), and average (C av ) plasma drug concentrations were used to explore their relationship with treatment outcome (viral load) and tolerability (adverse effects).
RESULTS
Population pharmacokinetic analysis. The measured concentrations ranged between 8 and 17,870 g/liter. Eighteen patients had on one single occasion a C min of 0 g/liter while having levels above 1,000 g/liter on other occasions under the same dosage regimen, suggesting poor compliance. These data were considered highly unlikely and were therefore removed from the model-building analysis.
A one-compartment model with first-order absorption from the gastrointestinal tract was found to describe the data appropriately. Despite a significant reduction in the OF (⌬OF ϭ Ϫ28.3), a two-compartment model was not retained, since it did not remain significant after the assignment of ritonavir as a covariate on CL. Assignment of an interpatient variability on both CL (⌬OF ϭ Ϫ72.2) and K a (⌬OF ϭ Ϫ21.6) improved the description of the data significantly, while no interpatient vari- Table 2 . Initial covariate analyses identified ritonavir (⌬OF ϭ Ϫ280.4), body weight (⌬OF ϭ Ϫ72.1), sex (⌬OF ϭ Ϫ39.3), and height (⌬OF ϭ Ϫ23.9) as significant covariates on CL, but none of these factors improved the fit when assigned on V. No significant influence from other demographic covariates (ethnicity and age) or comedication with CYP3A4 inducers (including efavirenz) or inhibitors could be detected (Table  2) . Setting the HIV disease status (viral load, Ͻ400 copies/ mm 3 ; or CD4 count, Ͼ200 cells/mm 3 ) as a covariate on CL did not improve the fit either (⌬OF ϭ Ϫ2.6). A full model incorporating all the identified covariates was built up and further refined by setting them, one by one, to their null values. This step eliminated the influence of height on CL, but ritonavir, body weight, and sex remained statistically significant (⌬OF ϭ Ϫ344.11).
The population parameter values from the final model are given in Table 3 . The oral CL of 32.4 liters/h in women and 42.0 liters/h in male patients decreases, respectively, to 12.1 and 15.7 liters/h in the presence of ritonavir and increases by a factor of 1.16 when body weight is doubled; oral V is 65.7 liters and t 1/2 K a is 41 min. The interindividual variability on CL was initially high (CV ϭ 74.5%) and decreased after the introduc- 
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Association of significant covariates on CL tion of the three significant covariates (CV ϭ 39%). The interpatient variability on K a remains important (CV ϭ 67%). The residual intrapatient variability (CV ϭ 41%; SD ϭ 670 g/ liter) is of a magnitude similar to that of interpatient variability. The assignment of two distinct variabilities to the group of patients with or without ritonavir neither improved fit nor reduced the interpatient or intrapatient variability. The observed plasma indinavir concentrations are presented in Fig. 1 , along with the average population prediction and 95% prediction intervals. Treatment efficacy and tolerability. Viral load values ranged from 1 to 750,000 copies/mm 3 (median, 400 copies/mm 3 ). Viral suppression (according to the reference cutoff of Յ400 copies/ mm 3 ) was observed with 47% of patient samples. A very modest relationship between plasma indinavir concentration, estimated through Bayesian calculations, and viremia was observed both for C av (r ϭ 0.14; P ϭ 0.018) and C max (r ϭ 0.17; P ϭ 0.057), but not for C min in this unselected patient population.
Urological complications (nephrolithiasis, pain on micturition, and nephritic colic) were observed in only seven patients (3%). In samples from these patients, C max estimates ranged from 5,163 to 11,731 g/liter (mean ϭ 8,629 g/liter), but this trend did not reach statistical significance, probably due to the very limited number of affected patients and to indinavir dosage adjustments prior to enrollment in the study. No correlation between concentrations and other side effects was detected.
Dosage regimen adaptation. A dosage adaptation is proposed based on the results of the population analysis, which assigned interpatient variabilities to oral CL and K a . For female patients, the average population CL value (CL pop ) without and with ritonavir was 32. 4 Such individual estimates of CL and K a enable the calculation of an a posteriori value of the patient's C min, which can be used to adapt indinavir dosing regimens to bring the concentrations into the effective target for optimizing viral suppression.
The weak relationship between drug exposure and therapeutic success or toxicity observed in the present study does not allow an estimation of the optimal therapeutic range of indinavir. According to the VIRADAPT study, indinavir C min s should stay above the limit of 150 g/liter (twofold 95% inhibitory concentration), as the limit of optimal plasma drug concentration (15) in treatment-naive patients. Other recent recommendations range from 80 to 250 g/liter (2, 25) . Because of the high residual variability in indinavir kinetics, the adjustment of C min s to the consensual target of 150 g/liter under the regimen of 800 mg of indinavir t.i.d without ritonavir would lead to subtherapeutic levels in about half of the patients. To ensure that a plasma drug concentration above the threshold of 150 g/liter is maintained in 80% of the patients, an evaluation based on the intrapatient residual variability indicates that a C min of about 2,000 g/liter should be targeted; such a dosage would also lead to C min s above 4,000 g/liter in 20% of the patients. This would a priori necessitate a ritonavir-boosted dosage of 1,700 mg b.i.d. in male patients or 900 mg b.i.d. in female patients, or even higher doses of a regimen based on indinavir only.
DISCUSSION
Heterogeneity in the response to antiretroviral therapy has been attributed to several factors, including genetic, immunologic, and virological ones, but pharmacological issues such as poor adherence to treatment, intolerance, and large interpatient differences in blood concentration following standard dosing regimens also represent important determinants of treatment failure. Despite unfavorable pharmacokinetic profiles and large interpatient and intrapatient variability, current practice still tends to administer a priori the same dose of indinavir to all patients without regard to differences in systemic blood and tissue disposition. Dosage individualization based on indinavir pharmacokinetic profiles and variability in the target population of patients receiving either indinavir alone or indinavir with low-dose ritonavir thus represents a suitable strategy for HIV treatment optimization.
The results of our population analysis are in agreement with previously reported population data (27) . Indinavir has a short absorption t 1/2 of 42 min with an important interpatient variability. Food has been shown to greatly influence the absorption and bioavailability of indinavir and may thus represent a relevant determinant of indinavir variability in this analysis, as the relationship between food and drug intake was neither controlled nor recorded (11; http://www.eudra.org/humandocs/humans/epar/crixivan/crixivan.htm). Without the specific assessment of the bioavailability of indinavir, the variability associated with this parameter was likely reported on both CL and residual error; this may also explain why the model was not ameliorated by associating interindividual variability with V. As expected, coadministration of low-dose ritonavir reduced oral CL by 63%, increasing indinavir elimination t 1/2 from 1.4 to 3.8 h and explaining a significant part of the interpatient variability with oral CL (drop in CV from 75 to 48%). Interestingly, and in line with results observed clinically by Burger et al. (9) and in preclinical studies (22) , it appeared that sex had a significant effect on oral clearance, resulting in a 30% increase in indinavir elimination in male patients versus female patients. Female patients may thus benefit from a better antiviral coverage than male patients under standard regimens but might also be more prone to side effect than male patients (12) . A moderate further increase in oral CL with body weight was also observed, independently of sex, which is of limited clinical significance. Among the other demographic covariates tested, no influence of ethnicity on indinavir kinetics could be detected, but the presence of a majority of Caucasian patients in the present study may have limited the power to identify an association. These results are however in accordance with preliminary data (www.eudra.org/humandocs/humans/epar/crixivan /crixivan.htm).
Since indinavir is mainly metabolized by CYP3A4 enzymes, interactions with drugs acting on those isoforms were expected. Except for ritonavir, neither antiretroviral drugs (efavirenz or other reverse transcriptase inhibitors) nor known CYP3A4 inducers or inhibitors influenced indinavir kinetics significantly in this study. The small percentage of patients exposed to CYP3A4 inducers or inhibitors has most probably limited the power to detect such an association. Moreover, the presence of ritonavir, a potent CYP3A4 inhibitor coadministered in 74% of the study population, may have either compensated for decreases in drug exposure induced by efavirenz or other CYP3A4 inducers or masked the effect of less-potent inhibitors. In fact, studies conducted with both healthy volunteers and patients suggested that coadministration of efavirenz increased indinavir CL even with low-dose ritonavir or with nelfinavir and that low-dose ritonavir was not sufficient to fully compensate for efavirenz-induced decreases in drug exposure (1, 13, 24) . Since the activity of cytochrome P450 varies greatly in the population, it is very difficult to estimate the magnitude and relevance of such a mutual interaction in unselected patients. Furthermore, other mechanisms involved in indinavir disposition, such as the inhibition of P-glycoprotein drug transport by ritonavir and not by efavirenz, may have independently contributed to alter indinavir elimination (20) . Thus, in a regimen including low-dose ritonavir, dosage adjustment of indinavir is required, but evidence is lacking to recommend further systematic adaptation for comedications acting on CYP3A4.
Significant correlations between both C min and C av and antiviral effectiveness have been demonstrated, mainly with PInaive patients (3, 4, 8, 10, 16, 19, 25) . Our study was conducted with a heterogeneous population that included both treatmentnaive and -experienced patients: therefore, a potential selection bias, with patients achieving viral suppression being maintained on the initial regimen without ritonavir, could have confounded the relationship between drug exposure and treatment outcome. In particular, two patients receiving 1,000 and 1,200 mg of indinavir b.i.d without ritonavir presented a viro-logical success, despite very low C min s (Ͻ20 g/liter). The therapeutic success in such patients might be explained by fairly adequate C av s (around 2,000 g/liter) leading to sustained intracellular concentrations despite low trough levels in blood, due to equilibration delays such as observed between plasma and cerebrospinal fluid (21) . Our exploration of the concentration-outcome relationship questions whether average concentrations, better reflecting effective intracellular concentrations, could represent a more appropriate predictor of virological success or failure, as they are less affected by the oscillations related to the short t 1/2 of the drug in plasma. This further emphasizes the potential interest of measuring intracellular concentrations.
Nephrolithiasis is the most commonly reported side effect of indinavir and has been related to maximal drug concentrations (7, 14) . Twice-daily regimens of 800 mg of indinavir plus 100 to 200 mg of ritonavir are considered effective but poorly tolerated, and concerns about the increase in nephrotoxicity have been raised (6) . A limited number of patients (n ϭ 7) were affected in our population study, and only a marginal association between C max and this side effect was observed. However, among those seven patients, four presented plasma drug values of C max about two times higher than the study population average C max . Dosage reduction to 600 or 400 mg of indinavir had already been applied in 21 patients of this study population and might explain the lack of relationship between drug exposure and nephrotoxicity.
In conclusion, this study indicates that ritonavir and sex are major determinants of indinavir variability and should be considered for a priori dosage individualization. An association between drug concentrations and therapeutic success was reported in several studies and was observed even in this very heterogeneous population of treatment-naive and -experienced patients. This relationship, as well as the high interpatient variability, represents a strong argument in favor of the therapeutic drug monitoring of indinavir (2) . However, a relatively high residual variability mainly reflecting an interoccasion variability, as recently reported (29), may limit the effectiveness of therapeutic drug monitoring. This could be circumvented by optimization of compliance, better adherence to the recommendations regarding food intake, and adoption of higher target levels, in particular for patients receiving indinavir for salvage therapy. The population parameters and the large residual variability suggest a target C min of 2,000 g/liter to achieve effective levels in a majority of patients, and thus coadministration of ritonavir as a kinetic booster with indinavir must be recommended on principle; the treatment should be initiated at dosages as high as 1,700 mg b.i.d. in male patients or 900 mg b.i.d. in female patients, provided that therapeutic drug monitoring is performed for further dosage adaptation. The dosage of indinavir should be adapted carefully, especially with women, to avoid nephrotoxic levels. Whether dosage adaptation should preferably target adequate C av s rather than C min s remains an open question, and the range of adequate C av s remains to be determined. This study proposes a Bayesian approach for the guidance of dosage adaptation based on population pharmacokinetic data as part of therapeutic drug monitoring of indinavir. Such an adaptative strategy still warrants prospective validation to establish its accuracy and clinical usefulness.
